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A b s t r a c t  
The present study focuses on the time-averaged turbulence charac-
teristics over a highly spatially-heterogeneous gravel-bed. The time-
averaged streamwise velocity, Reynolds shear and normal stresses, tur-
bulent kinetic energy, higher-order moments of velocity fluctuations, 
length scales, and the turbulent bursting were measured over a gravel-bed 
with an array of larger gravels. It was observed that the turbulence char-
acteristics do not vary significantly above the crest level of the array as 
compared to those below the array. The nondimensional streamwise ve-
locity decreases considerably with a decrease in depth below the array. 
Below the array, the Reynolds shear stress (RSS) deviates from the grav-
ity-law of RSS distributions. Turbulence intensities reduce below the 
crest level of the gravel-bed. The third-order moments of velocity fluc-
tuations increase below the crest level of the gravel-bed and give a clear 
indication of sweeps as the predominating event which were further veri-
fied with the quadrant analysis plots. The turbulent length scales values 
change significantly below the crest level of the gravel-bed. 
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Turbulent flow over a gravel-bed is a matter of immense interest to the re-
searchers because of its practical and theoretical importance in the field of 
eco-environmental hydrodynamics, geology, physics and applied mathemat-
ics, etc. A river-bed formed by gravel clusters with different shapes, sizes 
and arrangements creates a highly rough bed those are mostly found in the 
upper reaches of a mountain river. Characterizing the turbulence parameters 
for these river-beds are troublesome due to the spatial heterogeneity created 
by the roughness. For instance, in and around rock-ramp fishways found in a 
mountain river, the gravel-bed becomes highly spatially heterogeneous due 
to the presence of larger gravels (boulders). These boulders act as a protru-
sion or bluff-body over the rough-bed and they play an important role for the 
fish-habitat (Van Zyll de Jong et al. 1997). Best and Brayshaw (1985), and 
Acarlar and Smith (1987) observed that the macroturbulent flow structures 
are generated atop the relatively larger gravels of a gravel-bed and shed the 
mesoscale structures. These macroturbulent flow structures scale with the 
roughness element height near the point of shedding, as was observed by 
Duncan (1970). Best (1996) observed that these intermittent shedding struc-
tures are caused by the separation of shear zone at the downstream of the 
protrusion. Kirkbride (1993) also observed that the turbulent flow character-
istics in gravel-bed streams are influenced by the heterogeneous bed topo-
graphy composed of protruding discrete particles. Study of these types of 
rough beds is therefore important to understand the interaction between the 
flow and roughness. However, to study the general turbulent behaviour over 
this type of beds, spatial or double-averaging methodology is more applica-
ble, where the time-averaged flow parameters are also averaged over a layer 
parallel to the mean bed level at an elevation (Nikora et al. 2001, 2004, 
2007a, b; Aberle et al. 2008, Mignot et al. 2009a, b; Sarkar and Dey 2010, 
Dey and Das 2012). However, in the present case, the time-averaged values 
were used to study the local flow characteristics created by the spatial het-
erogeneity in the rough-bed.  
In the experimental studies of turbulent flow over a gravel-bed, Nikora et 
al. (2001) chose spherical segment-type bed; whereas Mignot et al. 
(2009a, b), Sarkar and Dey (2010), and Dey and Das (2012) used beds of an-
gular crushed stones, loosely compacted round-shaped gravels and relatively 
closely packed round shaped gravels, respectively. However, in those stud-
ies, uniformly graded roughness elements were used to create the bed rough-
ness. On the other hand, to handle the problem more practically, Brayshaw 
(1984), Buffin-Bélanger and Roy (1998), Buffin-Bélanger et al. (2006), 
Lacey and Roy (2007), and Lacey et al. (2007) worked with nonuniform 
gravel beds those were created by the pebble clusters. Lacey and Roy (2007) 
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studied a detailed 3-D turbulent flow characteristic around a pebble cluster. 
They importantly observed the interactions between macroscale and 
mesoscale turbulent coherent flow structures in a gravel bed river. Using the 
contour plots, they showed that pebble clusters influence the flow field quite 
locally and their effect is limited to the near-bed region only. Using the dou-
ble-averaging methodology, Tamagni et al. (2014) showed that the flow lay-
ers change from the existing double-averaged layers in presence of 
unstructured block ramps. They suggested a new subdivision of the interfa-
cial sublayer for this type of gravel-bed. Previous studies of Dey et al. 
(2011) and Papanicolaou et al. (2012) showed that almost all the turbulence 
parameters change their behaviour in near- and far-wake regions in the pres-
ence of protrusion over a rough bed. Dey et al. (2011) observed that the pro-
files of the defects in the streamwise velocity, RSS and turbulence intensities 
exhibit some degree of similarities when they are scaled by their respective 
peak defect values. The similarity solution for the profiles of the velocity de-
fect in steady-state wall-wake flows was also established theoretically by 
them. However, for the present study the bed profile is different from that of 
Dey et al. (2011). In Dey et al. (2011), the ratio of the diameter of the 
spherical protruded body and the mean diameter of gravel were  
D/d50 = 7.55, 11.32, and 15.09; whereas in the present study, the ratio of the 
mean diameter of the protruding larger gravel and the diameter of gravel that 
used in the bed is  D/d50 = 1.25 only. 
2. EXPERIMENTAL  SETUP  AND  INSTRUMENTATION 
An experimental setup was prepared in the fluvial mechanics laboratory of 
Indian Statistical Institute, Kolkata, India. The experiment was performed in 
a rectangular recirculatory flume that was 20 m long (total), 0.5 m wide, and 
0.5 m deep. The transparent side-walls of the flume for a length of 8 m fa-
cilitated observation of the flow in the measuring zone. Experiment was 
conducted under a uniform flow condition with a streamwise bed slope (S) 
of 0.35%. The bed was made with uniformly sorted natural gravels of a me-
dian size  d50 = 40 mm  with uniformity coefficient, /g = 1.23, where  
/g = (d84 / d16)0.5. The gravels were laid in three to four layers over the floor 
of the channel. Above these layers, a gravel array was made with larger arti-
ficial gravels of median size of  D50 = 50 mm  and  /g = 1.1. The centre-to-
centre distance between the protruding gravels was approximately 5D50. The 
bed slope and bed surface fluctuations were checked at every 5 mm along 
the centerline of the flume using a Vernier point gauge with a precision of 
±0.1 mm. The velocity measurement was started at the distance of 7 m from 
the inlet of the flume. There was no movement of the gravels during the ex-


















Fig. 1b. Photograph of the gravel-bed arrangement. 
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Array of larger gravels
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rangement are shown in Fig. 1a and 1b, respectively. The details of the ex-
perimental parameters are depicted in Table 1. 
After preparing the bed, water was applied by a pump to achieve the re-
quired flow depth. A NortekY made Vectrino was used to measure the in-
stantaneous three-dimensional velocity components. The Vectrino is a type 
of 4-beam acoustic Doppler velocimeter (ADV). It was operated with an 
acoustic frequency of 10 MHz and a sampling rate of 100 Hz. The four 
acoustic beams meet at a distance of 50 mm below the probe head. The in-
strument is therefore capable of capturing the velocity data from 50 mm 
down, where the acoustic beams form a vertical cylindrical sampling volume 
of 6 mm diameter and 1-4 mm user adjustable height. As the measuring lo-
cation was 50 mm below the probe, the instrument could not affect the 
measured data but at the same time the instrument was not capable in captur-
ing data from top 50 mm of the flow depth. A sampling duration of 300 s 
was adequate to achieve the time-independent averaged velocity compo-
nents. Up to the nondimensional vertical distance  z+ = 0.15 (z+ = z/h, where 
z = the vertical distance measured with respect to crest level of the gravel-
bed, and h = total flow depth measure with respect to the z), the lowest sam-
pling height of the Vectrino measurements was 1 mm. The lowest measuring 
point was 17 mm below the crest level of the gravel-bed. For the flow zone 
above  z+ = 0.15, the sampling height was 4 mm. In general, the Vectrino 
signal correlation values greater than 70% were maintained as the minimum. 
However, nearest the bed, the range of the Vectrino signal correlation was 
70 2 5% due to highly fluctuated values of the velocity components. 
Throughout the experiment, the minimum SNR (signal-to-noise ratio) was 














Fig. 2. Schematic of the bed profile and data capturing locations. 
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by the digital filtration and the acceleration threshold method (Goring and 
Nikora 2002). The despiking was done until the velocity power spectra fit 
with Kolmogorov 5/3-law in the inertial subrange of frequency. 
The streamwise (x-direction), lateral (y-direction), and vertical (z-direc-
tion) velocity components were indicated by u, v, and w, respectively. The 
crest level of the gravel-bed was considered as the reference level of the ver-
tical distance, where  z = 0 (or  z+ = 0), and the crest level of the protruding 
array was considered as  z1 = 0 (or  z+ = 0.2) which was approximately 
32 mm above the reference bed-level. Six different locations were chosen 
throughout the centerline of the flume for the measurement of the vertical 
profiles. The distances between two measuring locations were approximately 
the diameter of the protruding larger gravel, D. The locations were chosen in 
such a way that the first and sixth locations were onto the crest level of the 
larger protruding gravel, second and fifth were onto the crest level of the 
gravel-bed, third was at the junction between two gravels of the bed, and 
fourth one was at the aperture between two gravels of the bed. The data sets 
corresponding to the measuring locations were numbered as Set 1, Set 2, 
Set 3, Set 4, Set 5, and Set 6, as shown in Fig. 2. The shear velocity u* (as 
appeared in Table 1) was determined from the measured RSS distributions of 
data Set 5 that was used for the nondimensionalising. The measured RSS 
profile was extrapolated linearly onto the crest level of the gravel-bed  z = 0. 






  . The value 
of u* from the bed slope, (ghS)0.5 = 0.074 ms1, was very close to the value 
obtained from the RSS distribution  u*stress = 0.076 ms1. The reason behind 
choosing the data Set 5 for the estimation of shear velocity is that its location 
was the farthest from the downstream protruding gravel according to the pre-
sent bed profile. 
3. VELOCITY  POWER  SPECTRA 
After capturing the 3-D velocity components by Vectrino, the spectral analy-
sis was done to plot the velocity power spectra at different vertical and hori-
zontal distances. The spectral analysis was done using the discrete fast 
Fourier transforms (FFT). It was observed that the spike removing algorithm 
(acceleration threshold) followed by the digital filtration (for high-pass filter) 
gives a satisfactory velocity spectrum after some trial and error. The thresh-
old values for spike removing were taken in the ranges from 1 to 1.5. How-
ever, two sets of velocity power spectra are shown in Fig. 3a and b for before 
and after the spike removal, respectively, as an example. The velocity power 
spectra show that within the inertial subrange, all the velocity power spectra 
exhibit the similar correlation between the velocity components as  Fuu(f)   
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Fig. 3. Velocity power spectra Fii (f) at elevations  z+ = 0.2  and  z+ = 0.2 (a) before 
spike removal, and (b) after spike removal. 
Fvv(f)  Fww(f)  and after removing the spike they follow the Kolmogorov 
5/3 slope. It is pertinent to mention here that the accuracy of the estimation 
for turbulent kinetic energy (TKE) dissipation rate  depends on the accuracy 





4. TIME-AVERAGED  STREAMWISE  VELOCITY 
Figure 4 presents the flow field displaying the nondimensional time-
averaged velocity vector plots on the vertical plane of symmetry. The magni-
tude and the direction of the velocity vectors were ( u 2  w 2) and arctan 
( w / u ), respectively. The vectors presented here correspond to the local 
nondimensional time-averaged velocity magnitudes relative to the depth-
average velocity U. 
It is evident from Fig. 4 that underneath crest level of the gravel-bed, the 
flow is highly spatially heterogeneous. Particularly below  z+ = 0.1, the local 
time-averaged velocities show negative values (or very small values) on the 
lee-side of the gravels, due to the wake formation. However, up to the upper 
half of the protruding larger gravel (z/D = 0.1), no effect of the protrusion 
was observed in the direction of velocity; whereas at the lower half of the 
protruding gravel, time-averaged velocity becomes negative, indicating a 
wake effect due to protrusion. It is important to mention here that the pro-
truding effect due to the gravel-array was not so prominent as compared to 
those observed in Dey et al. (2011). The reason behind this may be the dif-
ferences in bed profiles and flow parameters. Dey et al. (2011) performed 
the experiment over a gravel bed with smaller diameter (d50 = 2.65 mm) and 
the diameters of the protrusions were  D = 20, 30, and 40 mm (i.e.,  D/d50  
7.55, 11.32, and 15.09). On the other hand, in the present case, D/d50 = 1.25. 
Also, the ratio of height of protrusion above the bed (D1) to the d50 of the  
 
 







Fig. 4. Flow field represented by vectors of time-averaged velocity on the vertical 
plane of symmetry. 
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Fig. 5. Variations of nondimensional streamwise velocity u+ with nondimensional 
vertical distance z+. 
gravel were  D1/d50 = 6.79, 9.06, and 11.32; whereas in the present case, 
D1/d50 = 0.8. The depth-averaged velocity for Dey et al. (2011) was 
U = 0.408 m s1; whereas in the present experiment  U = 0.63 m s1. The 
Froude numbers  Fr (= U/(gh)1/2)  in Dey et al. (2011) was 0.34 and in the 
present case it is 0.5. It is therefore concluded that the effect of protrusion 
reduces with a decrease in the values of D/d50 and with an increase in the 
value of U. However, the experimental setup and aim of the present study is 
different from those of Dey et al. (2011).  
Figure 5 shows the variations of nondimensional streamwise velocity u+ 
(= u/u*) with nondimensional vertical distance z+. It is clearly observed that 
the velocity plots for all the sets collapse on a single thin band above  z1 = 0. 
On the other hand, the band thickens below  z1 = 0. The velocity profiles 
above  z = 0  may be presented by a third-order polynomial (z+ = 0.0013 u+3 
 0.009 u+2 + 0.068 u+ + 0.0342); whereas below  z = 0,  the u+ decreases 
significantly and almost invariant with respect to depth. However, the third-
order polynomial is used here to show the trend of the velocity profile above 
z = 0 which has no theoretical background.  
5. TIME-AVERAGED  REYNOLDS  SHEAR  STRESS  DISTRIBUTIONS 
The vertical variations of normalized Reynolds shear stress uw+ (= u w  / 
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Fig. 6. Variations of nondimensional Reynolds shear stress uw+ with 
nondimensional vertical distance z+ at different locations. 
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above  z1 = 0, the uw+-plots are reasonably consistent with the traditional lin-
ear law of uw+ in uniform open channel flow, that is, uw+ = 1 – z+. On the 
other hand, the variations of uw+ depart from the linear law below z1 = 0. The 
uw+ attains its peak value at  z+ = 0.2, which decreases linearly with increase 
in z+ and decreases sharply with decrease in z+. Below  z+ = 0, the values uw+ 
become very small and invariant with z+ due to smaller values of the 
streamwise and vertical velocity components and corresponding fluctuations 
(u and w). Importantly, the values of uw+ are more at the immediate down-
stream of the protruding larger gravel within the vertical distance z+ = 0.15-
0.3, which is in confirmation with Dey et al. (2011) who observed that the 
value of uw+ increases at the immediate downstream of the protrusion. How-
ever, in the present study, the effect of protrusion is not clearly visible and 
the reason behind this is explained in the velocity description. It is therefore 
concluded that the Reynolds shear stress decreases at the near-bed due to the 
roughness and increases due to the protrusion.  
 
6. TIME-AVERAGED  REYNOLDS  NORMAL  STRESSES  
DISTRIBUTIONS 
The streamwise, lateral and vertical Reynolds normal stresses (RNS) are 
/uu = –,u u  ,  /vv = –, v v   and  /ww = –,w w  , respectively. The nondimen-
sional forms of /uu, /vv, and /ww are: uu/
 , vv/
 , ww/
 = (/uu, /vv, /ww)/(, 2*u ). 
The vertical distributions of uu/
 , vv/
 , and ww/
  at different locations are 
shown in Fig. 7. It is observed from Fig. 7 that all the uu/
 , vv/
 , and ww/
  at-
tain their peak values slightly below the crest level of the protruding larger 
gravels and their values decrease above and below this level. The reason be-
hind this is that the maximum turbulent mixing takes place at the roughness 
crest. Additionally, the larger protruding gravels over the bed are responsible 
to create an additional turbulent mixing. On the contrary, below the crest 
level of the protruding gravels, the damping in uu/
 , vv/
 , and ww/
  occurs 
which further decreases sharply below the crest level of the gravel-bed due 
to a decrease in temporal velocity fluctuations (u and w). Importantly, 
above  z1 = 0, the values of  uu/
  vv/
   irrespective of the locations of the 
measurement. Below  z = 0, the values of uu/
  and vv/   become almost simi-
lar. On the other hand, ww/



































0 2 4 6 8
/uu, /vv, /ww
Set 1 Set 2
Set 3 Set 4
Set 5 Set 6
z = 0
z1 = 0




Fig. 7. Variations of uu/
 , vv/
 , and ww/
 , respectively with nondimensional vertical 
distance z+ at different locations. 
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Fig. 8. Variations of nondimensional turbulent kinetic energy (k+) with 




7. TIME-AVERAGED  TURBULENT  KINETIC  ENERGY  
DISTRIBUTIONS 
Turbulent Kinetic Energy (TKE), denoted by k, is the mean kinetic energy 
per unit mass of fluid and is calculated from the Reynolds normal stresses. 
Mathematically, the TKE is expressed as:  
 k = 0.5(/uu + /vv + /ww)  (1) 
The TKE is nondimensionalized as:  k+ = k/ 2*u . The vertical distributions 
of nondimensional TKE at different locations are shown in Fig. 8. As was 
presumed from the uu/
 -, vv/
 -, and ww/
 -profiles, the value of k+ is maxi-
mum at the crest level of the protruding gravels. Above this level, the value 
of k+ decreases with increase in the vertical distance and below this, k+ de-
creases with decrease in the vertical distance. This is due to the fact that the 
maximum values of rms of the velocity fluctuations in terms of the Reynolds 
normal stress occur at the crest of the gravel-bed that is in confirmation with 
Dey and Das (2012).  
8. TIME-AVERAGED  HIGHER-ORDER  MOMENTS  OF  VELOCITY  
FLUCTUATIONS 
The third- and fourth-order moments of velocity fluctuations were calculated 
for different locations as shown in Figs. 9 and 10, respectively. Third-order 
moments of velocity fluctuations provide essential stochastic information on 
the temporal features of the velocity fluctuations in the form of flux of the 
turbulent stresses (Gad-el-Hak and Bandyopadhyay 1994). Another impor-
tance of the third-order moments is that they give a clear indication of the 
occurrence of bursting events in a fluid flow based on the quadrant analysis 
(Lu and Willmarth 1973). According to Raupach (1981), the third-order 
moments of velocity fluctuations may be expressed as:  Mjk = j ku w    with  
j + k = 3, where u  is u/( u u  )0.5 and w  is w/( w w  )0.5. Based on the values 
of j and k (0 to 3), the Mjk may be classified as M30 (i.e., skewness of u), M03 
(i.e., skewness of w), M21 (i.e., diffusion of streamwise RNS in the vertical 
direction), and M12 (i.e., diffusion of vertical RNS in the streamwise direc-
tion).  
It is observed from Fig. 9 that the general trends of the Mjk-profiles are 
same above the vertical distance  z1 = 0  irrespective of the location of the 
measurements. On the other hand, below the vertical distance  z = 0, their 
values increase with a decrease in depth. Above  z+ = 0.1, M30 and M21 are 
positive that indicate the positive values of u, and M03 and M12 are negative 
that indicate negative values of w. These positive values of u and negative 
values  of w jointly give rise  to  the ejection events  that  are  predominating 
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Fig. 10. Variations of nondimensional fourth-order moments, Fu and Fw with z+. 
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above  z+ = 0.1  irrespective of the position of the measurement. On the other 
hand, at the immediate downstream of the protruding gravel, at  z+  0.1, all 
the third-order moments change their signs, indicating a changeover of the 
predominating bursting events from ejections (u 6 0, w  0) to sweeps (u  
0, w 6 0). For the data Set 3, changeover of the bursting events take place 
close to the vertical distance  z+ = 0. For the data Sets 3 and 4, the change-
over of the bursting events take place exactly at  z+ = 0. For the data Set 6, 
the third-order moments show the similar characteristics as that of Set 1. It is 
therefore concluded that the bursting events get affected by the presence of 
protrusion, as was observed by Dey et al. (2011) at the immediate down-
stream. The effect of the protrusion becomes less with increase in the 
streamwise distance, and therefore, the level of the changeover of bursting 
events changes. However, at  z+  0, the changeover of the bursting events 
take place due to the local roughness in the bed, as was observed by Sarkar 
and Dey (2010), Mignot et al. (2009a), and Dey and Das (2012). However, 
details of the turbulent bursting process will be described later in the manu-
script using quadrant analysis. 
The fourth-order moment of velocity fluctuations, also termed “coeffi-
cient of kurtosis” of the velocity fluctuations, signifies the intermittency of 
turbulence in the flow (Dey and Nath 2010). The vertical distributions of 
nondimensional fourth-order moment in streamwise and vertical directions 
are defined as  Fu [= u u u u    /( u u  )0.5C4],  and  Fw [= w w w w    /( w w  )0.5C4]. 
The kurtosis for a standard Gaussian distribution is 3 and the “excess kurto-
sis” is thus defined as  Fu – 3. According to Fig. 10, the vertical distributions 
of Fu and Fw are almost similar although below  z1 = 0,  Fu  Fw. The value 
of Fu and  Fw  3  above  z1 = 0  and its value increases slowly below this 
level up to the level  z = 0. Below  z = 0, the Fu and Fw depart sharply from 
the Gaussian value of 3, indicating high intermittencies in the near-bed re-
gion of flows in both the streamwise and vertical directions. 
9. DISTRIBUTIONS  OF  TURBULENT  LENGTH  SCALES 
Turbulent flow contains eddies of larger and smaller sizes; the properties of 
those can be studied by using different length scales. Out of these eddies, the 
smaller ones are associated with pure turbulence and their sizes can be calcu-
lated by using Taylor microscale and Kolmogorov microscale (Dey 2014). 
The Taylor microscale is used to measure eddies in the inertial subrange, 
whereas the Kolmogorov microscale is used to measure eddies in the dissi-
pation range of the energy spectrum. Another length scale was introduced by 
Prandtl (1925) in order to describe the momentum transfer by turbulence 
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Fig. 11. Variations of nondimensional Prandtl’s mixing length l+ with z+. 
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The Prandtl mixing length l is calculated from the equation  l = [ u w  / 
(du/dz)2]0.5. The nondimensional value of l is  l+ = l/d50. The nondimensional 
Prandtl mixing length l+ as a function of z+ is plotted in Fig. 11. In general, 
the vertical distribution of l+ is almost similar for all the locations above 
z+ = 0  and in conformity with the relationship  l = Fz, where  F = von-Karman 
constant (= 0.4). On the other hand, below  z+ = 0, the value of l+ increases 
and departs from the theoretical value. However, Dey and Nath (2010) re-
ported that the estimations of l+ and F from the Vectrino measurements are 
always error prone and specific features of individual parameters are inter-
preted with carefulness.  







   
 
 (2) 
and nondimensionalized as:  7+ = 7/d50,  where U  = TKE dissipation rate ob-
tained from Kolmogorov’s second hypothesis.  
The values of  can also be estimated by using (15[/u2) 2( / )u t5 5 , as 
was done by Irwin (1973), and Krogstad and Antonia (1999). But, it was ex-
perienced that the later method for calculating  is not suitable for the data 
below crest level because of very inconsistent values. However, it is ob-
served from Fig. 12 that the value of 7+ increases with an increase in the ver-
tical distance within  z1 = 0  and reaches the peak value at  z1 = 0. Above this 
level, the value of 7+ becomes almost invariant with further increase in verti-
cal distance. The trend of 7+ is almost similar to that of Dey and Das (2012), 
who found that 7+ increases with the vertical distance up to the crest level 
and becomes independent of vertical distance above the crest level of the 
gravel-bed. Below the crest level, the values of 7+ decrease with decrease in 
vertical distance.  
On the contrary, Mignot et al. (2009a) found that the value of 7+ increas-
es below the virtual bed-level and above the virtual bed level, the value be-
comes invariant with vertical distance. Dey and Das (2012) pointed out the 
cause behind this discrepancy is the method of estimating .  
The Kolmogorov microscale is the smallest scale in turbulent flow. 
Mathematically, the DA quantity of this scale is defined as:  
 I = (\3/) 0.25  (3) 
and it is nondimensionalized as:  ]I+^ = I/d50. It is clear from Fig. 12 that the 




with differences in values. This is also in conformation with Dey and Das 
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Fig. 12. Variations of nondimensional Taylor and Kolmogorov microscales, 7+ and 
I+ with z+. 
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10. TURBULENT  BURSTING 
The quadrant analysis introduced by Lu and Willmarth (1973) was used to 
observe the characteristics of the bursting events. According to the quadrant 
analysis, the fluctuations u and w are divided into four quadrants to evaluate 
the contributions of the bursting events. The quadrants are defined as: 
(i) first quadrant: outward interactions with  u > 0  and  w > 0,  (ii) second 
quadrant: ejections  u < 0  and  w > 0,  (iii) third quadrant: inward interac-
tions with  u < 0  and  w < 0,  and (iv) fourth quadrant: sweeps with  u > 0 
and  w < 0.  
A hole-size parameter H, determined by the curve  uw = H (urms C 
wrms), is used to differentiate the fractional contributions to u w   at four 
different quadrants. In order to consider all the data pairs (u, w), the hole-
size  H = 0  is used.  
The contributions to the total RSS production from the quadrant i outside 
the hole region of size H are estimated by 
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where T is the time of sampling and i,H(t) is the detection function given by 
i,H(t) = 1, if (u, w) is in quadrant i and if  uw H(urms C wrms); other-
wise, i,H(t) = 0.  
The fractional contributions of conditional RSS can be calculated by 
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The algebraic summation of contributions from all the bursting events 











  . 
To study the frequencies of the bursting events, the appearances of an 
event in a recorded sample were added up for a given hole-size H by count-
ing the times of switching over of the series of (u, w). Then, a mean time-
duration and the mean frequencies corresponding to that event were deter-
mined. The nondimensional mean frequencies of the bursting events are 
1,0fˆ (= i1,0
–1h/u*), 2,0fˆ (= i2,0
–1h/u*), 3,0fˆ (= i3,0
–1h/u*), and 4,0fˆ  (= i4,0
–1h/u*), re-
spectively, where i1,0, i2,0, i3,0, and i4,0 are the mean intervals of the occur-
rence of the same event.  
Figure 13 shows the vertical variations of conditional Reynolds shear 
stresses RSi, H  with z+ for  H = 0. As indicated from the distributions of third-
order moments of velocity fluctuations, the general trends of the RSi, H are 
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Fig. 13. Variations of conditional Reynolds shear stresses RSi, H with z+ for  H = 0. 
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Fig. 14. Variations of nondimensional mean frequencies of the bursting events 




for the vertical distances above  z+ = 0.1, ejections is the governing mecha-
nism. On the other hand, the dominance of the bursting events change below 
z+ = 0.1. Below  z+ = 0, sweeps is the predominating event as found for the 
data Sets 3 and 4 and above  z+ = 0, the changeover of the dominance of the 
bursting events takes place. However, for the data Set 2 (immediate down-
stream of the protruding gravel), the sweeps event predominates up to  z+  
0.1. On the other hand, the contributions of inward and outward interactions 
are relatively small irrespective of the vertical distances and locations of the 
measurements. It is therefore concluded that the bursting events are affected 
by the presence of protrusion, as observed by Dey et al. (2011), and the 
changeover of the bursting events takes place due to the local roughness in 
the bed, as observed by Sarkar and Dey (2010), Mignot et al. (2009a), and 
Dey and Das (2012). 
Figure 14 shows the vertical distributions of nondimensional mean fre-
quencies of the bursting events. It is evident from Fig. 14 that the general 
trends of the frequencies of all the events are similar above  z+ = 0.2, irre-
spective of the location of the measurements. Frequencies of the sweeps and 
ejections are greater than those of the outward and inward interactions. Im-
mediate downstream of the protruding gravels, the frequencies of all the 
events increase, which is in confirmation with Dey et al. (2011). On the oth-
er hand, frequency of all the events increases sharply to a peak value at 
z+ = 0  for the data Sets 3 and 4 and then decreases with decrease in z+-
values. This is due to the effect of local roughness. It is pertinent to mention 
here that Sarkar and Dey (2010) also found similar variations of mean fre-
quencies of sweeps and ejections for the flow over a gravel bed. However, in 
the present case the trends of mean frequencies of inward and outward inter-
actions are also same as sweeps and ejections, but their values are less than 
that of sweeps and ejections.  
11. CONCLUSIONS 
Turbulent characteristics over a gravel-bed protruded with an array of larger 
gravels have been studied experimentally using the time-averaging method-
ology. The vertical distributions of time-averaged streamwise velocity, Rey-
nolds shear and normal stresses, turbulent kinetic energy, higher-order 
moments (skewness and kurtosis) of velocity fluctuations, length scales 
(Prandtl’s mixing length, and Taylor and Kolmogorov microscales), and tur-
bulent bursting were measured at different locations. Six measuring loca-
tions were chosen in such a way that two locations were onto the crest level 
of the larger protruding gravel, two were onto the crest level of the gravel-
bed, one was at the junction between two gravels of the bed, and one was at 
the aperture between two gravels of the bed. It was observed that the turbu-
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lent characteristics do not vary significantly above the crest level of the pro-
truding array at different locations. On the other hand, the streamwise veloc-
ity decreases with a decrease in depth below the array. Below the array, the 
Reynolds shear stress deviates from the gravity-law of Reynolds shear stress. 
Turbulence intensities in streamwise, lateral and vertical directions reduce 
significantly below the gravel-bed. Fourth-order moments of velocity fluc-
tuations increase below the crest level of the gravel-bed. The third-order 
moments of velocity fluctuations increase below the crest level of the gravel-
bed and give a clear indication of sweeps as the predominating events. Kol-
mogorov and Taylor microscales reduce below the crest level; whereas the 
value of Prandtl’s mixing length below the crest level of the gravel-bed. The 
quadrant analysis results show that sweeps are the governing mechanism be-
low the crest level of the gravel bed and as the vertical distance increases 
ejections become predominating. At the immediate downstream of the gravel 
array, sweeps predominate up to a certain vertical distance due to the effect 
of protrusion. The contributions of outward and inward interactions remain 
smaller than those of sweeps and ejections irrespective of the vertical dis-
tance and local roughness in the bed. The mean frequencies of all the burst-
ing events increase in the presence of protrusion. Their values increase 
sharply at the crest level of the gravel bed and then decrease with decrease in 
vertical distance. The mean frequencies of ejections and sweeps are greater 
than those of inward and outward interactions throughout the depth. 
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